INTRODUCTION
F o F 1 (F o F 1 -ATPase/synthase) catalyses ATP synthesis from ADP and P i ; this activity is coupled with the H + flow driven by the electrochemical gradient of H + across the cytoplasmic membrane of bacteria, the inner membrane of mitochondria and the thylakoid membrane of chloroplasts. F o F 1 consists of two rotary molecular motors, a water-soluble, ATP-driven, F 1 motor and a membraneembedded, H + -driven, F o motor, which are interconnected to couple the ATP synthesis/hydrolysis and the H + flow via a unique rotary mechanism [1] [2] [3] [4] . F 1 [F 1 -ATPase (α 3 β 3 γ δε; a soluble portion of F o F 1 -ATP synthase)] hydrolyses ATP into ADP and P i , and the hydrolysis of one ATP drives a discrete 120
• rotation of the γ ε subunits relative to the other subunits [5, 6] . In F o F 1 , the rotational motion of the rotor subunits of F 1 (γ and ε) is transferred to the ring of rotor subunits of F o (c subunit ring).
The ε subunit, the smallest subunit of F 1 , is a known endogenous inhibitor of the ATPase activity of bacterial and chloroplast F 1 and is believed to regulate the activity of ATP synthase [7] [8] [9] [10] . In addition, a single molecular study revealed its importance for efficient coupling of the rotation of the γ subunit and ATP synthesis [11] . The ε subunit consists of two distinct domains, an NTD (N-terminal β-sandwich domain) and a CTD (C-terminal α-helical domain). Structural and biochemical studies have shown that, in F 1 and F o F 1 , the ε subunit can assume at least two different conformations [10, [12] [13] [14] [15] [16] [17] [18] [19] . The conformation responsible for the inhibition of ATPase activity, in which the CTD is elongated along with the γ subunit, is known as the 'extended-state' conformation, whereas that responsible for the ATPase-active form, in which the C-terminal α-helices are folded into a compact hairpin configuration, is known as the 'folded-state' conformation. The conformation of the ε subunit is controlled by the concentration of adenine nucleotide and the membrane potential [16] [17] [18] [19] [20] .
Previously, we found that the isolated ε subunit of TF o F 1 (F o F 1 from the thermophilic Bacillus strain PS3) binds ATP [21] , and thus we proposed that the ε subunit not only regulates, but also senses, the cellular ATP concentration. ATP binding was also observed for the ε subunit of TF 1 (F 1 from the thermophilic Bacillus strain PS3) in complex with the γ subunit [22] and for the ε subunits of F 1 -ATPases from B. subtilis [23] and Escherichia coli [24] . X-ray crystallographic analysis has revealed that ATP is bound by the folded state of the ε subunit [24] . As the ATPbinding site consists of residues from the NTD and two α-helices of the CTD, ATP can bind only to the folded state of the ε subunit. An NMR study revealed that the conformation of the CTD of the ε subunit fluctuates in the absence of ATP, whereas ATP stabilizes the conformation in the folded state [24, 25] .
In a previous study, we made several mutant ε subunits that were deficient in ATP binding [26] . Three of the four mutants decreased ATPase activity when reconstituted into TF 1 . From these and other results, we have proposed that ATP binding to the ε subunit shifts the equilibrium between ATPase-inactive and -active forms towards the active form [26] . Briefly, when the ε subunit is in its extended state, the ATP-binding residues are separated and ATP cannot bind. ATP binding to the β subunit(s) induces the conformation of the β subunit to change from the open to the closed state. This displaces the CTD of the ε subunit from the interior of the α 3 β 3 cylinder, and the CTD assumes an 'intermediate-state' conformation, in which the tertiary structure of the CTD is not stable, but fluctuates [20] . In the absence of bound ATP, the ε subunit in the intermediate state shifts among Abbreviations used: ACMA, 9-amino-6-chloro-2-methoxyacridine; CCCP, carbonyl cyanide m-chlorophenylhydrazone; CTD, C-terminal α-helical domain; F 1 [27, 28] applied to a TF o F 1 expression plasmid [largely WT (wild-type), but containing His 10 -tags at the N-termini of the β subunits] [29] . The expression plasmid for the WT TF o F 1 used in the present study was slightly modified from that used previously [29] and was kindly provided by Dr Toshiharu Suzuki and Dr Masasuke Yoshida [ICORP (International Co-operative Research Project), JST (Japan Science and Technology Agency)].The DNA fragments containing the mutant ε subunits were excised by restriction endonuclease digestion (SmaI and Sse8387I) and inserted into the respective sites of the expression plasmid for whole TF o F 1 . IMVs (inverted membrane vesicles) from E. coli strain DK8 [bglR, thi-1, rel-1, HfrPO1, Δ(uncB-uncE), ilv::Tn10] harbouring the expression plasmid for TF o F 1 were prepared as described previously [29] . The IMVs were incubated for 1 h at 37
• C before use. Expression plasmids for ε R92A/R126A and ε KRA in addition to a Q107C substitution for fluorescent labelling were prepared by the overlap extension PCR method applied to a ε Q107C subunit expression plasmid. All mutations were verified by DNA sequencing. The mutant ε subunits were prepared as described previously [26, 30] .
A(G)TPase assay
A(G)TPase activity was measured spectrophotimetrically with an A(G)TP-regenerating system coupled to NADH oxidation at 45
• C [31] . The reaction mixture consisted of 50 mM Hepes/KOH, pH 7.5, 100 mM KCl, 2.5 mM phosphoenolpyruvate, 5 mM MgCl 2 , 0.2 mM NADH, 5 mM KCN, 1 μM valinomycin, 50 μg/ml pyruvate kinase and 50 μg/ml lactate dehydrogenase. IMVs were added 1 min after the start of the measurement. NADH oxidation by the respiratory complex was measured for 7 min before the indicated concentration of A(G)TP was added. MgCl 2 was added separately before the assay to yield a final Mg 2 + concentration of 5 mM in excess over the final nucleotide concentration. Changes in A 340 were measured in a V-550 spectrophotometer (Jasco). The rate of A(G)TP hydrolysis was determined from the rate of NADH oxidation, which was corrected for that measured prior to the addition of A(G)TP. One unit of A(G)TPase activity was defined as that hydrolysing 1 μmol of nucleotide triphosphate/min. A(G)TP-driven H + pumping activity was measured by fluorescence quenching of ACMA (9-amino-6-chloro-2-methoxyacridine) at 45
• C [32] with a FP-6500 fluorescence spectrometer (Jasco), under essentially the same conditions as those for ATPase measurement, except for the ATPregenerating system. Since the phosphoenolpyruvate used in the ATPase assay [tri(cyclohexylammonium) salt; Sigma-Aldrich] dissipated fluorescence quenching of ACMA, we substituted a phosphocreatine/creatine kinase-based ATP-regenerating system for the H + pumping measurement in order to carry out the H + pumping measurements under conditions as similar as possible to those for the ATPase measurements. The reaction was initiated by the addition of A(G)TP to a quartz cuvette containing 50 mM Hepes/KOH, pH 7.5, 100 mM KCl, 5 mM MgCl 2 , 2.5 mM phosphocreatine, 200 μg/ml creatine kinase, 1 μM valinomycin, 0.3 μg/ml ACMA and 100 μg of IMV proteins/ml. MgCl 2 was added separately before the assay to yield a final Mg 2 + concentration of 5 mM in excess over the final nucleotide concentration. Finally, 0.1 μg/ml CCCP (carbonyl cyanide m-chlorophenylhydrazone) was added at the indicated time point to dissipate the H + gradient. Fluorescence intensity after the addition of CCCP was set to 100 %. λ ex and λ em were set at 410 and 480 nm with 5 and 10 nm bandwidths respectively.
Other methods
Protein concentrations of the ε subunits were determined by the method of Bradford [33] using BSA as a standard and then corrected by multiplying by a factor of 0.54 according to the results of amino acid quantification [21] . The protein concentrations of IMVs were determined by the bicinchoninic acid method using BSA as a standard [34] . Estimation of the relative TF o F 1 contents of membrane proteins was performed as follows. Membrane proteins (10 μg) of each type of IMV were subjected to SDS/PAGE (10-20 % linear acrylamide gradient) and stained with CBB (Coomassie Brilliant Blue)-R250. Then, the gel was scanned on a GT-9800F flatbed scanner (Epson). The band intensities of the α and β subunits were quantified and calibrated to a standard curve obtained from serial dilution of WT IMVs using ImageJ software (NIH). 
RESULTS

Uncoupling of GTPase activity and H
+ pumping in WT TF o F 1
WT TF o F 1 efficiently hydrolysed 2 mM GTP, albeit at a slightly slower rate than for ATP at the same concentration ( Figure 1A) . The H + pumping activity was measured under similar conditions (Figure 2 ). When 2 mM ATP was used as the substrate, substantial H + pumping activity was observed (Figure 2A ). However, 2 mM GTP supported only very poor H + pumping activity ( Figure 2B ). The hydrolysis activity with 2 mM ATP was slightly higher than that with 2 mM GTP, and the small difference in hydrolysis activities might have caused the significant difference in H + pumping activities. However, in the presence of 500 μM ATP, which supported even less hydrolysis activity than 2 mM GTP ( Figure 1A ), H + pumping activity was much greater than with 2 mM GTP ( Figure 2C ). Therefore the NTPase and H + pumping activities of TF o F 1 (ε WT ) appear to be uncoupled when GTP is substituted for ATP. Since the binding of GTP to the ε subunit is significantly (three orders of magnitude) weaker than that of ATP [19] , we hypothesized that the uncoupling is caused by the absence of bound nucleotide in the ε subunit (i.e. the 'intermediate-state' conformation of TF o F 1 ). Consistent with this idea, the addition of a small amount of ATP (30 μM), which has higher affinity [19, 21] for the ε subunit, to the 2 mM GTP substrate largely restored the coupling of NTPase and H + pumping activities ( Figure 2D ). To test whether the absence of ATP binding to the ε subunit induces uncoupling of ATPase and H + pumping activities of TF o F 1 , we prepared mutant TF o F 1 (ε R92A/R126A ). Since both of the single mutations (R92A and R126A) resulted in very weak ATP binding [26] , the double mutant ε R92A/R126A subunit has extremely weak ATP binding. In fact, the fluorescent change of the labelled mutant ε subunit upon addition of ATP [19] was so small (smaller than that for WT ε subunit with GTP) that the dissociation constant could not be determined (results not shown). The mutant TF o F 1 (ε R92A/R126A ) is thought to be unable to assume the folded-state conformation. The H + pumping activity of the mutant TF o F 1 (ε R92A/R126A ) was very poor even in the presence of ATP ( Figure 3A) , similar to that of GTP-driven H + pumping by the WT TF o F 1 , indicating that, although the mutant TF o F 1 (ε R92A/R126A ) showed lower ATPase activity than the WT (Figure 1B) fluorescence quenching when succinate was used as a substrate to drive the respiratory chain, indicating that the IMVs were not permeable to H + (results not shown).
Uncoupling of ATPase and H
Recovery of coupling in mutant TF o F 1 (ε R92A/R126A ) by introduction of further mutations
The ε KRA mutant also failed to bind ATP, probably because it contains a number of mutations detrimental to ATP binding, including R92A and R126A (results not shown). However, as ε KRA has no positively charged residues other than Arg 122 in the CTD, which may destabilize the folded-state conformation in the absence of bound ATP due to the charge repulsion [20, 24] , the mutant ε KRA was expected to readily assume the foldedstate conformation. Since the mutant also lacks essential residues for the interactions with the βD 390 ELSDED 396 region [20, 26, 35] , TF o F 1 (ε KRA ) was also expected to be free from ATPase inhibition by the ε subunit. Although the apparent ATPase activity was slightly lower than that of TF o F 1 (ε WT ), the specific ATPase activity of TF o F 1 (ε KRA ) must be similar to that of the TF o F 1 (ε WT ) because the amount of TF o F 1 (ε KRA ) in the IMVs was only 81 % of that of the WT (results not shown). TF o F 1 (ε KRA ) showed higher GTPase activity than did TF o F 1 (ε WT ) (Figure 1 ), presumably because the mutant ε KRA could assume the NTPase active, folded-state, conformation even in the absence of bound nucleotide, whereas ε WT and ε R92A/R126A could not. TF o F 1 (ε KRA ) showed significant H + pumping activity with either ATP or GTP as a substrate (Figure 3B ), indicating that TF o F 1 (ε KRA ) eliminates the sensitivity of the coupling of the NTPase and H + pumping activities to the nucleotide-binding state of the ε subunit. Although the NTPase activity per total membrane proteins depended on the relative amount of F o F 1 in each IMV preparation, the substrate concentration dependency was stable among different IMV preparations (results not shown).
DISCUSSION
Possible cause and mechanism of uncoupling
The results of the present study imply that the intermediate-state conformation of the ε subunit partially inhibits the ATPase activity and severely inhibits the H + pumping activity. The different extents of inhibition of the ATPase and the H + pumping activities indicate that these two activities are uncoupled when the ε subunit is in the intermediate-state conformation.
Consistent with this hypothesis, the addition of a small amount of ATP (30 μM) to the GTP substrate (2 mM) largely restored coupling of the GTPase and H + pumping activities, indicating that nucleotide binding to the CTD of the ε subunit, which stabilizes the ε subunit in the folded-state conformation, is indeed necessary for efficient coupling ( Figure 2D ). It should be noted that there have been many observations that F o F 1 with an ε subunit lacking the CTD has efficient ATP-driven H + pumping activity, indicating that the CTD itself is not necessary for the coupling [15, [36] [37] [38] [39] . However, Cipriano and Dunn [40] have reported that the CTD is important for functional coupling in EF o F 1 (E. coli F o F 1 ). The activities are also coupled when the CTD is fixed in either the extended-state or the folded-state conformation [17, 18] . The mutated residues (Arg 92 and Arg 126 ) are not responsible for the uncoupling, because even the WT TF o F 1 (ε WT ) uncouples when GTP is used as a substrate (Figures 1 and 2) . The bound ATP itself also cannot be responsible for the uncoupling because the ATPase and the H + pumping are well coupled in the mutant TF o F 1 (ε KRA ) ( Figure 3B ), in which ε KRA cannot bind ATP. Therefore the intermediate-state conformation of the CTD of the ε subunit must be responsible for the uncoupling observed in the present study. In the absence of bound ATP, the CTD is flexible and the two α-helices are not stable in the folded hairpin conformation, probably due to charge repulsion in the CTD [24] . The relatively bulky intermediate-state conformation of the CTD that results may be responsible for the uncoupling, since ATP binding to the ε subunit changes its conformation to the folded state [24] and restores coupling.
Cipriano et al. [41] reported the effect of fusion of proteins of various sizes to the C-terminus of the ε subunit of EF o F 1 . When proteins larger than 14 kDa were added, H + pumping activity was diminished due to steric hindrance. They concluded that the clearance between the rotor and the second stalk is 24-37 Å (1 Å=0.1 nm). One possible explanation for the uncoupling observed in our present study is that the CTD collides with the second stalk ( Figure 4B ), although the CTD of the ε subunit seems to be small enough to pass through the calculated clearance. Another possible explanation is that the ε subunit in its intermediate-state conformation affects subunit-subunit interactions, which induce clutch-like partial slippage between the γ subunit and the c-ring. Direct measurement of subunit-subunit interactions within F o F 1 under various conditions will help us to understand the mechanism of the uncoupling of F o F 1 when the ε subunit is in the intermediate state.
Model for the mode of TF o F 1 action Figure 4 summarizes the relationships between the conformational state of the ε subunit and the activity states of TF o F 1 . When the ε subunit assumes the extended-state conformation, the ATPase activity is inhibited ( Figure 4A ). In this state, ATP hydrolysis and H + pumping are coupled because locking the ε subunit into the extended state does not impede ATP synthesis [18] , and in fact it is thought that the ATP synthesis reaction proceeds with the ε subunit in this conformation [37] . Once ATP binds to catalytic sites on β subunits, the CTD of the ε subunit is expelled from the cylinder of α 3 β 3 . In this intermediate state, the ATPase activity is only partially, if at all, inhibited and the ATPase and H + pumping activities are uncoupled ( Figure 4B ). If the ATP concentration is high enough, ATP binds to the ε subunit and stabilizes the folded-state conformation, in which the ATPase is fully active, and the ATPase and the H + pumping are efficiently coupled ( Figure 4C ).
Is uncoupling a common feature of F o F 1 s?
This uncoupling involving ATP binding to the ε subunit might be common among F o F 1 s with an ATP-binding ε subunit. Even the F o F 1 s that have ε subunits that cannot bind ATP have an uncoupling mechanism, although that mechanism, which involves binding of ADP or P i , is different from the one reported in the present study [42] [43] [44] . The uncoupling of ATPase and H + c The Authors Journal compilation c 2011 Biochemical Society pumping activities under certain conditions may be a common feature of F o F 1 s. Such an energy-wasting reaction can be beneficial for bacteria [45, 46] .
In summary, our present study reveals an important new role of ATP binding to the ε subunit of TF o F 1 in coupling ATPase and H + pumping activities. More extensive studies are required to fully understand the roles of the ε subunit in ATP synthase.
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